Read CO 2 rebreathing method (Read DJ. A clinical method for assessing the ventilatory response to carbon dioxide. Australas Ann Med 16: 20 -32, 1967) provides a simple and reproducible approach for studying the chemical control of breathing. It has been widely used since the modifications made by Duffin and coworkers. Our use of a rebreathing laboratory to challenge undergraduate science students to investigate the control of breathing provided 8 yr of student-generated data for comparison with the literature. Students (age: 19 -22 yr, Research Ethics Board approval) rebreathed from a bag containing 5% CO 2 and 95% O 2 (to suppress the peripheral chemoreflex to hypoxia). Rebreathing was performed, and ventilation measured, after hyperventilation to deplete tissue CO 2 stores and enable the detection of the central chemoreflex threshold. We analyzed 43 data sets, of which 10 were rejected for technical reasons. The mean threshold and ventilatory sensitivity to CO 2 were 43.3 Ϯ 3.8 mmHg and 4.60 Ϯ 3.04 l·min Ϫ1 ·mmHg Ϫ1 (means Ϯ SD), respectively. Threshold values were normally distributed, whereas sensitivity was skewed to the left. Both mean values agreed well with those in the literature. We conclude that the modified rebreathing protocol is a robust method for undergraduate investigation of the chemical control of breathing. undergraduate education; medical physiology curricula; medical curricula; chemical control of breathing; CO 2 sensitivity; teaching laboratories PHYSIOLOGY COURSES traditionally use laboratories (24, 59) to provide the initial, problem-based methods and concepts required to understand physiologic principles or as a followup exercise that applies, interprets, and reinforces lecture material. Laboratories are active learning environments integral to the development of an indepth understanding of material through preparatory exercises, experimental design, dialogue between students, demonstrators, and instructors, and problem solving (41). Active learning environments are associated with superior performance outcomes for students compared with exclusively lecture-based education (49).
PHYSIOLOGY COURSES traditionally use laboratories (24, 59) to provide the initial, problem-based methods and concepts required to understand physiologic principles or as a followup exercise that applies, interprets, and reinforces lecture material. Laboratories are active learning environments integral to the development of an indepth understanding of material through preparatory exercises, experimental design, dialogue between students, demonstrators, and instructors, and problem solving (41) . Active learning environments are associated with superior performance outcomes for students compared with exclusively lecture-based education (49) .
The chemical control of breathing is a fundamental physiological concept addressed in undergraduate physiology, neuroscience, and medical curricula. Teaching paradigms embrace lectures, conceptual models (23) , computer programs (39) , and/or computer-based simulations (6) . Studies of the chemical control of breathing are also commonly used for research purposes in human subjects (19, 20, 46) , which suggests that they are an appropriate exercise for students to enhance their understanding of the curriculum material and pursue studentdirected learning strategies. Although the attribution of chemoreflex sensitivity and threshold to central or peripheral chemoreceptors is complex (3), rebreathing techniques are widely used to study control in respiratory (10, 51) , neurological (57, 60) , musculoskeletal (27) , endocrine (22, 28, 34, 48, 53, 61) , and highaltitude conditions (54, 55) . In addition to providing a novel learning environment for the comprehension of physiological/ pulmonary/neuroscience concepts, a student laboratory also has the potential to expose students to unique experiences [e.g., respiratory sensations (38) associated with elevated arterial CO 2 levels (8, 37)] as well as the challenges associated with experimental protocols.
Read's classic report (50) described a method of measuring ventilatory responses to CO 2 in subjects rebreathing from a bag of known PCO 2 and PO 2 . During rebreathing, there is an equilibration of PCO 2 in the rebreathing bag, exhaled gas, tissues (including the lung), and arterial and venous blood. This allows the metabolic accumulation of CO 2 to gradually increase the PCO 2 of the entire system. The increase in ventilation due to increasing PCO 2 reflects the combined impact of the central and peripheral chemoreceptors [relative contribution ratio ranging from 60:40% to 80:20%, respectively (56, 63) ]; however, silencing of hypoxia-related input from the peripheral chemoreceptors when a hyperoxic rebreathing gas is used enables investigators to focus on the central chemoreflex (see the DISCUSSION) and explore central chemoreflex sensitivity (hereafter referred to as "sensitivity") (13, 21, 42) . Duffin and coworkers (9, 18, 19) modified the Read method by having subjects hyperventilate before rebreathing from a hypoxic or hyperoxic gas mixture (to measure the peripheral and central chemoreflexes, respectively); hyperventilation depletes CO 2 stores and results in hypocapnic equilibration of the circuit, which allows the central chemoreflex threshold (hereafter referred to as "threshold") to be measured.
We used an adaptation of Read's rebreathing method used by Duffin and coworkers, henceforth referred to as "Duffin's modified rebreathing method" (9, 18, 19) , as a group and independent learning exercise in our teaching laboratory to enable undergraduate science students to acquire knowledge and insights into the human chemical control of breathing. Students attended both in-class lectures on the topic as well as the rebreathing laboratory; each student also submitted a formal laboratory report.
The purpose of the present study was twofold: 1) to provide educators with a description of the rebreathing technique, to outline commonly encountered problems and solutions, and to link the laboratory protocol to common teaching laboratory hardware/software solutions; and 2) to address the hypothesis that rebreathing outcomes are sufficiently robust that the sensitivity and threshold values generated by naïve undergraduate students compare well with those in the literature. To achieve these goals, we assessed student data from 8 yr of undergraduate laboratories (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) and analyzed and compared their sensitivity and threshold values (means Ϯ SD) and distributions with those of several published studies.
METHODS

CO 2 Rebreathing Protocol
The laboratory procedure formed part of a biomedical respiratory physiology course for third-year Life Sciences students at Queen's University (Kingston, ON, Canada). Most students had a background that included an introductory course in physiology and a course in anatomy. Each class performed the protocol during a 3-h afternoon laboratory session. In-class review of the laboratory protocol and technical instructions were provided to familiarize students with the relevant background material, and rehearsal of the protocol before actual performance was encouraged to mitigate procedural errors. Student volunteers who acted as subjects provided informed written consent for their participation before the laboratory. The laboratory protocol was approved by Queen's University Health Sciences Human Research Ethics Board.
Modified CO 2 Rebreathing Procedure
Students performed Duffin's modified rebreathing method (9, 18, 19) from a bag containing 95% O 2 [to suppress peripheral chemoreceptor activity (14) ] and 5% CO 2 . Briefly, subjects were coached by their peers during ϳ5 min of voluntarily hyperventilation (room air) to deplete tissue CO 2 stores. As a safety precaution, classmates monitored hyperventilating students to ensure their well-being. Subjects were informed that they could terminate the hyperventilation or rebreathing at any time and were instructed to do so if they felt unwell; no student did so. After hyperventilation, subjects exhaled below functional residual capacity (FRC) before applying a mouthpiece and nose clips and initiating rebreathing by taking five to six deep, rapid breaths from a 4-to 5-liter bag (containing 95% O 2 -5% CO 2 ) to equilibrate PCO 2 within the now-closed system. An example of equilibration is shown in Fig. 1 ; equilibration allows for the PCO 2 measured at the mouth to approximate the PCO 2 at the level of the central chemoreceptors. Failure to exhale below FRC before the initiation of rebreathing can result in delayed equilibration of PCO 2 . Subjects were then instructed to "relax and breathe on an as-needed basis"; they were unable to see the data-acquisition computer monitor. Rebreathing continued until 1) end-tidal PCO 2 (PET CO 2 ) reached ϳ55 mmHg (or 7.5% at a barometric pressure of 755 mmHg), 2) the subject felt that he or she could not continue, or 3) rebreathing lasted longer than 15 min. 
Rebreathing Apparatus and Data Analyses
From 2002-2008, we used Cambridge Electronic Design (CED; Cambridge, UK) to record flow and volume; data acquisition was performed using customized software (Spike2 scripts) from CED and pneumotachographs from Validyne Engineering (Northridge, CA) coupled with their differential pressure transducers. Since 2009, we have used AD Instruments (Colorado Springs, CO) to measure and record flow and volume; data acquisition is performed using LabChart Pro 7 software coupled with ADI pneumotachographs (MLT1000L, AD Instruments specs: accuracy of 5% within a range of Ϯ1,000 l/min). In both cases, PCO 2 was continuously sampled (Medical Gas Analyzer LB-2, Beckman Instruments, Fullerton, CA; PET CO 2 determined via LabChart Pro 7 peak analysis of the PCO 2 signal), and the analyzed sample was redirected back into the closed system. Data were exported from the data-acquisition program into a spreadsheet (Microsoft Excel, Redmond, WA) for analysis and visual presentation. Students were encouraged to explore relationships between the recorded respiratory variables by creating plots for their laboratory writeups, which included the following:
• T I /period of breathing (T TOT ) versus PET CO 2 • T I and expiratory time (T E ) versus PET CO 2 Here, we focus on the relationship between V E and PET CO 2 .
Analyses of student-acquired data. Three authors (N. J. Domnik, S. E. Turcotte, and N. Y. Yuen) reviewed data collected by students over 8 yr (2002-2011) . Data from CO 2 equilibration breaths were not included (as appropriate, according to the technique) in the V E versus PET CO 2 graphs plotted for each raw data set. Visible outliers from the V E versus PET CO 2 graphs (e.g., data caused by sighs, coughs, or swallows) were removed after examination of the raw tracings and/or plots of related variables (such as V T or f vs. PET CO 2 ) . Whole data sets were excluded according to the following criteria:
1. Lack of a clear baseline in the V E versus PET CO 2 plot (compare the baseline ventilation curves in Fig. 2 versus that in Fig. 3, right) ; this may be caused by a failure to achieve adequate equilibration.
2. Calibration errors, based on the evaluation of raw values.
3. Subjects were "nonresponders" to increases in PET CO 2 (which precluded threshold measurement).
Based on Duffin's et al.'s technique, each subject's V E versus PET CO 2 plots were used to visually identify 1) baseline ventilation (the horizontal plateau below the point of inflection, i.e., the threshold) and 2) the sensitivity (the slope of the data above the threshold; Fig. 2 ). Two linear regressions were fitted (Excel) to each graph: for data below (baseline) and data above (sensitivity) the threshold (9, 18, 19) . The threshold was identified as the intercept of the two linear regressions, and the sensitivity was obtained from the slope of the linear regression derived from data above the threshold. Threshold and sensitivity data were tested for normality (by Kolmogorov-Smirnov test). Frequency distribution plots were generated for threshold and sensitivity for comparison with published values (18, 23, 32) .
RESULTS
Variables, including PET CO 2 , V E, V T /T I , V T , f, T I /T TOT , T I , T E , and T TOT , were analyzed for 43 healthy subjects (age: 19 -22 yr). Analysis consisted of the primary assessment of V E versus PET CO 2 graphs (Fig. 2) , with regression analysis as described above. Table 1 shows the threshold (in mmHg) and sensitivity (change in V E/mmHg CO 2 above threshold, in l·min Ϫ1 ·mmHg Ϫ1 ) values for each subject. Table 2 shows the rationale for excluding whole data sets. Data sets were excluded or truncated if technical errors were present after the analysis of V T versus PET CO 2 , f versus PET CO 2 , and V E versus PET CO 2 graphs. Two such examples are shown in Fig. 3 .
For the 33 data sets included in the final analyses, threshold (mean Ϯ SD) was 43.3 Ϯ 3.8 mmHg (range: 36.4 -52.2 mmHg) and sensitivity (mean Ϯ SD) was 4.60 Ϯ 3.04 l·min Student-derived data were compared with published values (Fig. 5 ) for male subjects (32), female subjects (23), and male and female subjects (18 , which agrees well with the results of Slessarev et al. (55) , although our data were still not normally distributed.
DISCUSSION
We successfully used Duffin's modified rebreathing method (9, 18, 19) in an undergraduate student laboratory on the chemical control of breathing. Over the course of 8 yr, students used this active learning exercise to measure their central Fig. 3 . Examples of excluded data sets. V E (top), V T (middle), and respiratory frequency (f; bottom) versus PET CO 2 plots are shown. Graphs were edited or excluded on the basis of either the subject exhausting gas within rebreathing bag or improper system calibration. Note the different ordinate scales for V E versus PET CO 2 .
chemoreflex thresholds (threshold) and sensitivities (sensitivity) to CO 2 ; most data agreed well with published reports. Minor modifications of the rebreathing protocol and/or dataacquisition system were adopted. For example, students used a mixture of 5% CO 2 and 95% O 2 versus the 7% CO 2 and 93% O 2 mixture used by Duffin et al. (9, 18, 19) and Read (50) , since the former gas mixture is inexpensive, readily available, suppresses hypoxia-induced peripheral chemoreceptor activation, and prevents hypoxemia. Furthermore, based on our institutional review of available software platforms, our dataacquisition system changed to AD Instruments. Throughout the 8-yr period, students routinely completed the exercise successfully, handled computer-driven data acquisition well, and used the data and laboratory reports to enhance their knowledge of the chemical control of rebreathing. The description of the protocol and the hardware and software provided here make the method accessible to those wishing to adopt this laboratory exercise.
The most common factors influencing protocol outcomes were 1) subject heterogeneity, 2) improper execution of the protocol (including the subject exhausting the bag), and 3) improper calibration of the experimental apparatus. Indeed, most abnormal results were attributable to experimental error and/or calibration issues (Table 2 ; see also Error Prevention below).
Subject Heterogeneity
Thresholds and sensitivities varied between subjects (see Figs. 1, 2, and 4), providing students with opportunities to explore the fundamentals of CO 2 -driven control of breathing. For example, while hyperoxic conditions are assumed to suppress the peripheral chemoreflex, this assumption may not apply equally to all subjects and populations (2, 17) . The relative contributions of the peripheral and central chemoreceptors to the ventilatory response to CO 2 under different experimental conditions [e.g., altered PO 2 , or blood gas alteration at only one (central or peripheral) chemosensory site] are complex and not fully understood (3, 35, 36, 56, 58) . However, interactions between central and peripheral chemoreceptors may be of greater importance than heretofore believed in controlling the ventilatory response to CO 2 (3, 15) , as central responses to CO 2 are modulated by afferent input from the carotid body during wakefulness, with notable interspecific differences [as evidenced by a hyperadditive effect in dogs with intact carotid bodies versus unilateral denervation (3), a hypoadditive effect in anesthetized rats (11) , and an additive effect in conscious humans (12) ]. Furthermore, hypoxia during rebreathing lowers the central chemoreflex threshold and increases sensitivity in lowlanders compared with results obtained during hyperoxic rebreathing (55) . We maintained hyperoxic conditions throughout the protocol to ensure that increases in ventilation above the threshold were due to hypercapnia (8, 18) ; however, hyperoxia itself can be a ventilatory stimulus, and tonic peripheral input from the carotid body has been proposed in the presence of hyperoxia (8, 18 ). We did not assess the impact of hypoxia to avoid the additional safety procedures required to monitor hypoxic students.
Ventilatory responses to CO 2 are influenced by many factors, including personality and emotional state (45, 52) , the presence of such exogenous substances as morphine (5), athletic conditioning (43) , and the impact of underlying pathology on physiological responsiveness to CO 2 (62). These factors provide students with topics for discussion.
None of the subjects became apneic after voluntary hyperventilation, although previous studies (1, 16, 30, 40, 47) have reported apnea. Students can compare and contrast their results with those of others, such as apnea after mechanical hyperventilation in anesthetized humans or an increased likelihood of posthyperventilation apnea in awake subjects with neurological (e.g., supramedullary brain disease) disorders (26, 47) . Furthermore, students can examine the evolution of the understanding of the chemical control of breathing by reviewing the historical Table 2 . Subjects excluded from analysis
Rationale for Exclusion
Subject s1_2005
Unable to discern sensitivity Subject s6_2006
Unable to discern baseline ventilation
Subject s3_2007f
Insensitive/nonresponder Subject s1_2008
Subject s2_2008
Calibration error before data acquisition
Subject s4_2008
Insensitive/nonresponder
Subject s5_2008
No baseline (data recording error)
Subject s8_2008
Data missing (data recording error)
Subject s1_2011f
Improbable values in sensitivity curve component (data-acquisition error) Subject s2_2011f
Insensitive/nonresponder (4) reported hyperpnea, after voluntary hyperventilation. In all three studies, the authors were subjects; given their backgrounds (Haldane and Boothby were not naïve subjects), personal bias/preconceptions likely biased their results. Few naïve subjects are apneic after hyperventilation, indicating heterogeneity in apneic responses (1, 40, 47) . Perhaps the instructions given to our students (to "relax and breathe as little or as much as you want to" after hyperventilation and system equilibration) influenced their conscious drive to breathe (25) and prevented posthyperventilation apnea.
Error Prevention
Improper execution of the protocol. Perhaps the most preventable execution error occurred when a subject exceeded the capacity of the rebreathing bag. A typical example of this is shown in Fig. 3 , left, where the subject initially displayed a typical V E versus PET CO 2 response followed by a dramatic curtailment of V E after PET CO 2 exceeded 60 mmHg. Since V T and f typically increase in response to increasing PET CO 2 (29) , the presence of a limitation in V E at the end of rebreathing is a good indicator of an external limitation. In this case, V T exceeded bag volume. Examination of the V T versus PET CO 2 and f versus PET CO 2 plots in this subject revealed that, whereas f increased modestly after PET CO 2 exceeded 60 mmHg, V T plateaued and then gradually declined, consistent with V T matching the capacity of the bag. This provides a good example of the importance of planning before execution of the protocol, which would ensure a suitable rebreathing bag size is chosen, based on subject size and lung volume, especially if they exhale close to residual volume before starting rebreathing.
Improper calibration of the experimental apparatus. Improper calibration was a relatively common and preventable error (see Fig. 3, right) . In Fig. 3 , right, subject 2 illustrates an atypically hypersensitive ventilatory response, based on the V E versus PET CO 2 relationship, in which V E increased to Ϸ180 l/min by the end of the experiment. Examination of the V T versus PET CO 2 plot revealed improbable V T values of 3 liters at baseline and ϳ5 liters by the end of the experiment, consistent with an error in volume calibration. Such an error provides students with an opportunity to appreciate the importance of careful inspection of the data to check for credibility and for groups to discover/discuss a potential explanation.
Teaching points included in our laboratory instructions to students to address in their laboratory report consisted of the following:
1. Describe the physiological principle behind CO 2 rebreathings that makes it superior to the steady-state method.
2. What are the practical advantages of the rebreathing method? 3. Why did subjects hyperventilate before starting to rebreathe? 4. Why did subjects take several deep breaths at the start of the rebreathing?
5. What is responsible for any ventilation below the central chemoreflex threshold?
6. Why did we use a hyperoxic gas mixture for rebreathing? 7. What were the values of ventilatory sensitivity to CO 2 in the subjects? Were they similar or different?
We adopted several standard procedures to enhance student success: 1) prior familiarization with the experimental protocol and setup to ensure student familiarity with their role in the protocol before beginning the laboratory, 2) lecture-based instruction, and 3) student practice in the form of "dry runs" (verbally talking through the entire protocol, saying each step out loud, and miming the actions required for success).
Before the laboratory, we also emphasized 1) the correct use (timing and position) of stopcocks to ensure sampling of gas in the circuit (rather than room air) and return of the analyzed gas to the rebreathing bag to prevent depleting the gas volume; 2) coaching of subjects through the required manoeuvres, with special emphasis on the equilibration breaths (subjects hyperventilated for 5 min, exhaled below FRC, inserted the mouthpiece, and then took 5-6 rapid, deep breaths to equilibrate PCO 2 ); and 3) ensuring that the rebreathing bag was filled to match the size of the subject (to prevent inadvertent collapse due to large V T ). Prelaboratory and in-class reviews enhanced student understanding of the protocol, enabling its smooth and rapid execution during the laboratory. This ensured that, if a problem did occur during rebreathing, adequate time was available to repeat it.
As part of the ongoing evolution of this laboratory experiment, we have used two separate hardware/software systems (CED and AD Instruments). Both performed well and exhibited different strengths and weaknesses. For example, the CED Spike 2 system incorporates a script language that allows custom algorithms to be written to calculate and assess specific variables, enabling easy export of the data to a spreadsheet. Although AD Instruments does not offer users a scripting language with which to customize its application, it does feature numerous practical functionalities, including peak/ trough analysis and signal integration (e.g., flow to volume). However, in practice, we have found it useful for students to measure and record select variables (e.g., T I and T E ) manually, as this enables students to become very familiar with their raw data, which leads to better assessments of "breaths" contaminated with swallows or sighs. The AD Instruments system also offers a robust interface and calibration system for students and teaching laboratory staff, which has a familiar user interface and can be further augmented through LabTutor software, as well as several commercially available analysis package extensions (e.g., spirometry, capable of generating flow-volume loops, forced expiratory volume in 1 s calculations, etc.) that could be used during rebreathing. Finally, AD Instruments also provides students with a free, albeit reduced capability, downloadable version of the software (LabChart Reader); however, for complete analysis, students require the more sophisticated analytic extensions of the teaching laboratory software.
Student-generated values of sensitivity, along with their coefficients of variation, were consistent with those published in the literature (Fig. 5 and Table 1) . Threshold values (33 of 43 data sets analyzed) were normally distributed; however, sensitivities were not. This differs from our analysis showing normally distributed values of threshold and sensitivity in the study of Slessarev et al. (55) . Their data were obtained from Caucasian men, whereas our subjects included male and female students of various ethnic backgrounds and athletic conditioning levels (e.g., a few students were members of interuniversity varsity teams). These factors may have increased variability in our group and contributed to the lack of normal distribution of sensitivity values. For example, Jensen et al. (33) reported that men have higher sensitivities than women if they are not corrected for forced vital capacity, with V T contributing more to their increase in V E than in women. Our records, unfortunately, do not always indicate the sex of the subject, and, in any given year, too few subjects were studied to address sex-based differences; however, instructors may wish to consider this factor.
Both our subjects and those of Jensen et al. (33) included men and women, and, although our overall mean sensitivity was 28% higher than theirs (4.6 vs. 3.6 l·min Ϫ1 ·mmHg Ϫ1 ; see Fig. 5 and Table 1 ), this may reflect the greater variability of our values of sensitivity (coefficient of variation: 65.2% and values ranging from 44% to 375% of Jensen et al.'s mean value). Upon closer examination of our data, we noted that four individuals had sensitivities greater than the highest value published by Slessarev et al. (55) . Although the reason for this is unclear, technical issues associated with signal drift or improper calibration may have contributed. It is also possible that these individuals had greater physiological responses to increasing CO 2 , as hypercapnia may have bronchodilator action and, via its resulting acidosis, result in sympathetic activation, although there is some controversy surrounding these mechanisms (7, 31, 32, 62) . While exclusion of these values did not result in the data becoming normally distributed, both the reanalyzed mean value (3.7 Ϯ 1.7 l·min ) did conform more closely with those of Jensen et al. (33) .
In contrast, the mean threshold value for student-generated data was within 12% of the mean reported by Jensen et al. (33) . Indeed, the range for our individual data did not exceed Ϯ10% (90 -108%) of the mean threshold reported by Jensen et al. (33) and was similar to those reported by others (see Fig. 5 ).
In summary, we describe our use of Duffin's modified CO 2 rebreathing technique (9, 18, 19) to provide undergraduate science students with a practical and robust method to investigate the chemical (CO 2 ) control of breathing. We propose that participation in such laboratories, as supported by evidence of improved student performance when engaged in active learning environments (49) , improves students' experiences. Moreover, the laboratory reliably produced relevant results, as central chemoreflex thresholds and sensitivities obtained by naïve students compared well with those in the scientific literature. The laboratory provides opportunities for students to explore the impact of sex, ethnicity, and athletic conditioning on the central chemoreflex (33, 43, 44, 48, 55) . The evolution of biomedical teaching laboratories to include hardware/software systems that incorporate on-site as well as online/distance-learning capabilities would provide the potential to deliver small-group learning experiences on the chemical control of breathing to a diverse audience.
